We report here the results of an investigation aimed at producing coatings containing phases closely related to the quasi-crystalline phase with dispersions of soft Bi particles using an Al-Cu-Fe-Bi elemental powder mixture on Al-10.5 at. pct Si substrates. A two-step process of cladding followed by remelting is used to fine-tune the alloying, phase distribution, and microstructure. A powder mix of Al 64 Cu 22.3 Fe 11.7 Bi 2 has been used to form the clads. The basic reason for choosing Bi lies in the fact that it is immiscible with each of the constituent elements. Therefore, it is expected that Bi will solidify in the form of dispersoids during the rapid solidification. A detailed microstructural analysis has been carried out by using the backscattered imaging mode in a scanning electron microscope (SEM) and transmission electron microscope (TEM). The microstructural features are described in terms of layers of different phases. Contrary to our expectation, the quasi-crystalline phase could not form on the Al-Si substrate. The bottom of the clad and remelted layers shows the regrowth of aluminum. The formation of phases such as blocky hexagonal Al-Fe-Si and a ternary eutectic (Al ϩ CuAl 2 ϩ Si) have been found in this layer. The middle layer shows the formation of long plate-shaped Al 13 Fe 4 along with hexagonal Al-Fe-Si phase growing at the periphery of the former. The formation of metastable Al-Al 6 Fe eutectic has also been found in this layer. The top layer, in the case of the as-clad track, shows the presence of plate-shaped Al 13 Fe 4 along with a 1/1 cubic rational approximant of a quasi-crystal. The top layer of the remelted track shows the presence of a significant amount of a 1/1 cubic rational approximant. In addition, the as-clad and remelted microstructures show a fine-scale dispersion of Bi particles of different sizes formed during monotectic solidification. The remelting is found to have a strong effect on the size and distribution of Bi particles. The dry-sliding wear properties of the samples show the improvement of wear properties for Bi-containing clads. The best tribological properties are observed in the as-clad state, and remelting deteriorates the wear properties. The low coefficient of friction of the as-clad and remelted track is due to the presence of approximant phases. There is evidence of severe subsurface deformation during the wear process leading to cracking of hard phases and a change in the size and shape of soft Bi particles. Using these observations, we have rationalized possible wear mechanisms in the Bi-containing surface-alloyed layers.
I. INTRODUCTION
QUASI-CRYSTALLINE materials were discovered in 1984 by Dan Shectmann et al. [1] to herald a new era in crystallography and atomic architecture of solids. A few years after the rush of the initial discovery, a few laboratories started looking at the properties of these materials and, thereby, exploring the possibility of the potential use of these materials. Quasi-crystalline materials are characterized by the longrange order without translational periodicity featuring noncrystallographic symmetry. The aperiodic arrangement of atoms in the lattice leads to several distinctive properties, such as very high hardness, [2] low friction coefficient, [3] low thermal conductivity, [4] low surface energy, [5] high corrosion and oxidation resistance, [6] etc. These properties make them potentially useful in many applications. However, due to their low room-temperature ductility, [7] these materials are often not found suitable for bulk applications. An attractive alternative is to use these materials in the form of coatings on soft metals and alloys, such as aluminum and Al-Si alloys. The Al-Cu-Fe system is known to be a stable quasicrystalforming system. [8] This ternary system has been extensively studied due to the possibility of a number of applications in the form of coatings.
[9] However, their brittleness at room temperature and complex solidification pathways have made it difficult to use them. Therefore, it is important to study the effect of the addition of other elements on the morphological modifications of icosahedral phase-forming Al-Cu-Fe alloys. The quaternary addition of Si to this system significantly influences the phase formation. According to Lee et al., [10] an Si addition up to 5 at. pct leads to an increase of the volume fraction of icosahedral phase in the microstructure. A further increase of Si content from 9 at. pct to 15 at. pct leads to the formation of the 1/1 cubic rational approximant to the icosahedral phase. These approximant phases are crystalline in nature with quasi-crystalline motifs and can be derived from the rational cut of six-dimensional hyperspace of the icosahedral quasi-crystals. Therefore, they have similar properties to those of the parent quasi-crystalline phases. According to Quivy et al., [11] the cubic rational approximant phase exists over a large domain of compositions and temperatures, sometimes in coexistence with the icosahedral phase. These authors have pointed out that the structural change from icosahedral phase to rational approximant can occur if the Si content in the quaternary alloy is more than 2 at. pct. The quinary addition of Bi is expected to yield nano-sized Bi particles in the final microstructure, because Bi is immiscible to each component of the quaternary alloy. Thus, rapid cooling through the miscibility gap can lead to the formation of Bi particulates of various shapes and sizes. The low hardness of this phase (termed, henceforth, as soft phase) may enhance the mechanical and tribological properties of the composite coating.
Laser cladding has been extensively used to obtain wearand corrosion-resistant coatings on different substrates. [12] The process involves the formation of a coating by melting the desired material, along with a thin layer of substrate, with a high-power laser beam normal to the surface. The coating forms due to rapid solidification of the melt with materials build-up on the substrate. The laser cladding can be a single-step or two-step process. In the former case, coating material is fed into the melt pool created by the laser beam in the form of powder, paste, or wire, while in the latter case, the coating material is predeposited on the substrate and, subsequently, remelted by the laser beam. The predeposition of the coating materials can also be done by a laser cladding process. Our study aims at developing coatings of quasi-crystalline and related intermetallic compounds of the Al-Cu-Fe-Bi alloy containing Bi dispersions by laser cladding using an elemental powder mixture of Al, Cu, Fe, and Bi on Al-10.5 at. pct Si alloy substrates. In addition, the present study attempts to correlate the microstructure with properties such as hardness, friction, and wear, with particular emphasis on the influence of the Bi distribution in the microstructure to the properties.
II. EXPERIMENTAL DETAILS
Clad layers were prepared using a continuous-wave CO 2 laser (Rofin Sinar model R10000) with a peak power of 10 kW. The laser was focused 30 cm above the focal point to get a beam size of about 2.5 mm. This results in a broad intensity distribution that does not lead to vaporization and, thus, is well suited for cladding. The initial experiments of cladding were done with 3 kW power to get clad layers with good adherence to the substrate and uniformity along the surface. The clad layers were then remelted at higher traverse speeds to simulate different growth conditions. The processing conditions used are as follows: laser power, 3 kW; focus, 30 cm out of focus; diameter of beam, 2.5 mm; carrier gas flow rate, 4 L/min; and powder feed rate, 4 g/min.
An elemental powder mixture of aluminum, copper, and iron, with the nominal composition Al 65 Cu 23.3 Fe 11.7 , was used. In the mixture, Bi powder was added to an amount not exceeding 10 wt pct of the total powder. The basic advantage of using elemental powder mixtures as compared to the alloyed powder is that the cost incurred is much less in using an elemental powder mixture. Therefore, although difficulties exist in the control of the compositions of the clad layers, we have adopted and standardized this route. The inductively coupled plasma (ICP) technique has been used to determine the approximate composition of the clad layer. The desired powder composition was obtained by mechanically mixing elemental powder. The particle size of the powder was between 25 and 100 m. The Al-10.5 at. pct Si alloy was used as a substrate. The substrate movement was controlled by a numerically controlled X-Y table under the stationary laser beam. The various sets of scanning and remelting speeds was obtained by controlling the linear motion of the substrate. In order to get uniform roughness, the substrates were sandblasted in all cases prior to the cladding experiments. An argon jet was used to shield the melt pool from oxidation. The coatings were prepared by a two-step laser cladding process. The scan rate used for cladding was 300 mm/min. The subsequent remelting experiments were done employing scan rates of 300, 500, 1000 and 1200 mm/min.
Structural analysis of the clads was performed using a JEOL* X-ray diffractometer (JDX-8030) with Cu K ␣ ( ϭ *JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
1.5402 Å) radiation. The microstructural investigations were performed using an optical microscope (Olympic brand), a JEOL JSM 840A scanning electron microscope (SEM), and a JEOL 2000FXII transmission electron microscope (TEM). The local phase composition was determined using the SEM (operated at an accelerating voltage of 20 kV) by standardless energy-dispersive spectroscopy (EDS) X-ray analysis (Oxford brand) on polished and etched sections. Numerous composition-analysis examinations of well-equilibrated samples using EDS in the SEM have shown that the scattering of the measured compositions is in the range of 1 at. pct. This scattering follows from the precision of the method rather than from a compositional variation of the studied materials. Therefore, the precision of the compositional measurements presented in this article is limited by Ϯ1 at. pct. Three independent measurements of elemental composition of different phases have been made to get statistics of the compositional data. The average of the three values at each position is used to obtain the composition profile of constituent elements. The hardness profiles of the clad layers were measured using a Shimadzu 2000 microhardness tester with a load of 25 g. A minimum number of five indents were made per location to obtain good statistical representation of the dataset. In each case, the average of all the measurements was used to get the hardness plot for each track. The error bars represent the maximum and minimum value in each data set. The sliding-wear tests were carried out with a pin-on-disk configuration using a friction and wear monitor (model TR-201EV, supplied by Ducom). The following parameters were used for this purpose. Sample size, 4 ϫ 4 ϫ 10 mm; track radius 34 mm; disc velocity, 0.89 m/s; loads, 0.5, 1, 1.5, and 2 kg; duration of test, 5 minutes; and level of vacuum, better than 10 Ϫ5 torr. Prior to the sliding-wear-testing, the pins were polished under water with 1200-grade emery paper, followed by standard alumina and diamond polishing. All the wear tests were carried out on a disc of 11 cm in diameter and 8 mm in thickness, made up of EN-24 steel with a hardness of HRC 54.
III. RESULTS
We have studied various process parameters for optimization of the surface alloying process. We shall only present here the detailed results of two representative and
